A high-speed air-driven ultracentrifuge (Airfuge) has been used to determine the molecular weight and effective specific volume of phosphatidylcholine vesicles. The method used to determine the effective specific volume involved varying the solution density until zero sedimentation of the vesicles occurred. The value obtained for the effective specific volume of 0·9885 mlJg agrees well with previously reported values. The determination of the molecular weight of the vesicles is based on a method in which the fraction of vesicles remaining in an upper fraction of the solution column is compared with the values obtained using standard proteins. The values obtained for the molecular weight of the vesicles range from 1· 7 x 10 6 to 2·3 X 10 6 and are in good agreement with results obtained using the analytical ultracentrifuge and with previously reported results. Possible effects due to the polydispersity of the solute are assessed using theoretical calculations and the possibility of using the Airfuge for the study of other polydisperse systems is discussed.
Introduction
The recent development of an air-driven ultracentrifuge (Airfuge) has provided an efficient laboratory instrument capable of determining the molecular weight of macromolecules using only small quantities of partially purified material (Bothwell et al. 1978) . The procedures involved are based on a theoretical treatment which shows that the fraction of macromolecule remaining near the meniscus, at equilibrium, is almost linearly related to the exponential of the reduced molecular weight of the macromolecule. The method is presently limited to studies in which the macromolecule is homogenous with respect to molecular weight. There are, however, a number of biologically interesting systems, including polysaccharide, nucleic acid, lipid and lipoprotein macromolecular structures which are heterogeneous or polydisperse with respect to molecular weight and consideration is given in this work to the theoretical behaviour of such systems in the Airfuge.
Phosphatidylcholine vesicles are an interesting model for the study of biological membranes and were chosen as a well-defined, polydisperse system (Huang 1969) suitable for molecular weight studies in the Airfuge. The aim was first to vary the solution density in order to determine the point of zero sedimentation of the vesicles and hence the partial specific volume of the vesicles, and then to use this value to determine the molecular weight of the vesicles using the methods suggested by the theoretical treatment. Comparison of these values with values already in the literature could then be used as an indication of the suitability of the Airfuge for further studies on the physicochemical properties of biological and synthetic membrane systems. \ R. G. Clarke,G. R. Eagle and G. J. Howlett
Theory

A Single Solute
The distribution of a single ideal solute at sedimentation equilibrium is described by Fujita (1962) as c(r1) = c(r2)exp [A(rf -r~] ,
(1 a) (lb) where M is the molecular weight, c the concentration, 00 the angular velocity, v the partial specific volume, p the solution density, T the absolute temperature, and r1 and r 2 are any radial positions between or at the meniscus (roJ and base (rb) .
Integration of equation (1) for a sector-shaped cell allows one to calculate the concentration for any given initial loading concentration, and it is then possible to determine the fraction of solute (F) remaining in an upper part of the solution column (rm to r 1 ) for any given value of the reduced molecular weight (A):
As noted previously (Bothwell et a1. 1978 ) the relationship between 10gF and A is essentially linear and provides a basis for the experimental determination of a standard curve from which the molecular weight of other macromolecules may be determined.
In the case of the cell geometry used in the Airfuge there is no simple relationship describing the dependence of F and A and it is necessary to resort to numerical integration. However, it was found that the theoretical curve obtained using this method was similar to that obtained for a sector-shaped cell, thereby demonstrating only a limited dependence of the curves on cell geometry. For this reason it was considered satisfactory to examine the behaviour of a polydisperse system in the Airfuge using equation (2).
A Polydisperse Solute
Equations (1) and (2) inay be applied directly to each component of the molecular weight distribution. For the purpose of this work the distribution considered is a Gaussian distribution in which the reduced molecular weight A (A > 0) is distributed about a mean (weight"average) value A such that the probability density function g(A) is given by
where p is the standard deviation. The probability density function may be considered as a series of discrete molecular weight populations and equation (2) may be used to determine the fraction of each population remaining between rm and r1 at sedimentation equilibrium. Summation of these fractions gives the total fraction (F) of the polydisperse system which remains in the solution column from r m to r1 at sedimentation equilibrium. The value of Fmay then be determined as a function of A andp.
Materials
Standard proteins were obtained from the following sources: horse heart cytochrome C, horse radish peroxidase, sperm whale myoglobin, bovine serum albumin and soybean trypsin inhibitor from Sigma Chemical Company (St Louis, Mo., U.S.A.), and hen egg-white lysozyme and ovalbumin from Worthington Biochemical Company (Freehold, New Jersey, U.S.A.). The Dextran T40 and no was obtained from Pharmacia Fine Chemicals (Uppsala, Sweden). The buffer system used throughout was 10 mM tris-HCI, pH 8·0 (buffer A). The density of the solution was varied by adding NaCI at concentrations ranging from 0·1 to 0·5 M or by using 2 M CsCl.
Methods
Formation of Phosphatidyicholine Vesicles
Phosphatidy1choline was prepared from fresh egg yolk as described by Singleton et al. (1965) . The final product was shown to be chromatographically homogeneous using thin-layer silica gel chromatography. Phosphatidylcholine vesides were prepared according to the procedure of Huang (1969) . The ultrasonic irradiation was performed using a Rapidis 20 kHz sonifier (Model 600) fitted with the standard probe. The concentration of phosphatidylcholine was 30 mg/mI in buffer A, the temperature was maintained between 10 and 20°C using an icebath, and nitrogen was flushed over the surface of the solution to minimize oxidation. After sonication the solution was centrifuged at 150000 g for 45 min in a Beckman SW 50· 1 rotor and the resulting supernatant concentrated by ultrafiltration under nitrogen pressure to approximately 2 mI, prior to application to a Sepharose 4B column (53 by 2·5 cm). The column eluant was monitored by measuring the turbidity at 300 urn and the phosphatidylcholine concentration was calculated from the lipid phosphorus content (Allen 1940) . A typical profile from a Sepharose 4B column is shown in Fig. 1 . In the inset of Fig. 1 the turbidity of the profile is plotted against the lipid phosphorus. The fractions which show a linear relationship between turbidity and lipid phosphorus (tubes 33-40) correspond to single-layered vesides and have been shown to be relatively homogeneous by various criteria (Huang 1969) . These fractions were pooled and used in the Airfuge experiments. Chromatography was performed using a Sepharose 4B column (50 by 2·5 em) equilibrated with tris-HO buffer (pH 8·0, 0·01 M) and O· 1 M NaCl. Gel filtration was carried out using a flow rate of 0·5 mI/min and fractions of 5 mI were collected. The phospholipid concentration . was estimated by continuously monitoring the turbidity at 300 urn and by determining the lipid phosphorus content (Allen 1940) . The inset shows the dependence of lipid phosphorus on the turbidity of the various fractions.
Phosphatidylcholine vesicles were also prepared using the cholate method of Brunner et al. (1976) . These vesides were used in the Airfuge experiments where Dextran was induded in order to provide density stabilization during centrifugation and were prepared as follows. Phosphatidylcholine (50 mg) was dispersed in 2 mI of buffer A containing 2 mg/ml of Dextran no. Sodium cholate (50 mg) was added and the resulting solution was applied to a Sephadex G50 column (20 by 1·5 cm) which had been equilibrated with buffer A containing 2 mgjml Dextran TIO. The phosphatidylcholine vesicles elute at the void volume and are essentially free of cholate (Brunner et al. 1976) . The vesicles were further purified using a Sepharose 4B column (20 by 1·5 cm). The fractions corresponding to single-layered vesicles were combined and used in the Airfuge experiments.
Ultracentrifugation
The Airfuge was a commercial instrument, purchased from the Spinco Division of Beckman Instruments Inc., California. Cellulose nitrate tubes with a capacity of 175 III were used. In all experiments the angular velocity was approximately 45000 revjmin (27000g) (6 psi); the exact value was obtained using a stroboscope. The time of centrifugation was 18 h and the temperature, measured at the conclusion of centrifugation, was 28 ± 2°C. In experiments using standard proteins (in buffer A) 5 mgjml of Dextran T40 was added in order to provide density stabilization of the gradients during braking of the rotor (Bothwell et al. 1978) . In the experiments involving standard proteins in CsCI, no Dextran was included since the CsCI gradient provided sufficient density stabilization. The calculations of the reduced molecular weight of the standard proteins was performed usi'ng equation (lb) and the following values for the molecular weight and partial specific, volume (Bothwell et al. 1978 ): cytochrome C (11 700 and 0·728 mljg), lysozyme (14400 and 0·702 mljg), myoglobin (16900 and 0·741 mljg), soybean trypsin inhibitor (20000 and 0 . 698 mljg), ovalbumin (43500 and 0·744mljg), peroxidase (40000 and 0·7mljg) and serum albumin (68000 and 0·735 mljg). * It was assumed that these values were unchanged by the addition of 3 M CsC!. For the experiments using phospholipid vesicles the density of the solution was varied using NaC!. The vesicle solutions were prepared by mixing the vesicles with the appropriate concentrations of buffered NaCI solutions and the mixed solutions were then stirred gently for !-h before the beginning of the centrifuge run to allow for the complete equilibrium of NaCI across the vesicle surface. The density of each suspending medium was determined in triplicate with a 50-ml calibrated pycnometer. At the conclusion of centrifugation the top 50 III of solution was removed and assayed for the concentration of the solute being studied. The assay for the standard proteins involved measuring the optical density at 280 nm and the assay for the phosphatidylcholine concentration involved measuring the lipid phosphorus (Ames and Dubin 1960) .
The sedimentation equilibrium behaviour of phosphatidylcholine vesicles was also examined in the analytical ultracentrifuge using interference optics. The concentration distribution of the vesicles at sedimentation equilibrium was obtained using the meniscus-depletion method (Yphantis 1964) .
Theoretical Computations
Computations were performed in FOCAL, using a PDP-lO computer. Theoretical curves to describe the behaviour of a polydisperse system at equilibrium were calculated as follows. The Gaussian distribution was divided into 20 discrete populations from .if -3p to .if + 3p. Each of these populations was then regarded as a single-molecular-weight component and the fraction of that component remaining in the upper part of the solution .column calculated using equation (2). Addition of the fractions remaining of each population then provided a measure of the fraction of the entire polydisperse system which remained in the upper part of the solution column at sedimentation equilibrium. It was found that increasing the number of discrete populations considered or increasing the range of the random variable (A) had no effect on the shape of the curves relating 10gFto .if.
Results
Effect of Poiydispersity in the Airfuge
Theoretical curves relating the logarithm of the fraction remaining in the supernatant (log F) to the mean value of the reduced molecular weight (A) for various values of the fractional standard deviation (piA) are shown in Fig. 2 . There are a * The presence of dimer in the serum albumin sample was checked initially using acrylamide gel electrophoresis and shown to be negligible. number of points of interest. Firstly, as expected, when the value of pjA approaches zero, the curve approaches that for a homogeneous solute (curve 1). Secondly, curves 1 and 4 have been extended to negative values of A in order to demonstrate that the theoretical description applies also to solutes which float rather than sediment (i.e. I-vp is negative). It may be observed that the theoretical curves reach a plateau at large negative values of A. The reason for this is that at these values of A practically all of the solute is found near the meniscus (between rm and r 1 ) and as a result the value of F becomes invariant with A. This effect can be circumvented by considering the amount remaining at the bottom of the solution column (between r 1 and rb)' In this case one obtains negative values for 10gF and a more linear dependence of log F on A. The third point is that the curves calculated for higher values of pjA diverge from the curve calculated for a single solute. This has important consequences at the experimental level. Suppose that one had established an experimental relationship between log F and .it using standard homogeneous proteins. This curve would correspond to curve 1. Thus if the experimental value of log F for an unknown polydisperse system was (say) -1'0, one would calculate a value of A equal to 4·25 from the standard curve although the real value would be higher, being 4·40 for a polydisper~e system with a value of pjA = 0·1. The error in the experimentally determined value of A would therefore be 3·5 %. Reference to Fig. 2 shows that as the value of pjA of the polypisperse system increases, the error in the calculated value of the mean molecular weight also increases such that for values of pj.it = O· 3 and 0·5 the error increases to 13 and 51 % resp(:ctively. The final point of interest is that the curves in Fig. 2 The results in Fig. 3 were obtained by measuring values of F for various proteins of known molecular weight and partial specific volume. The points obtained for positive values of A were obtained using buffer A containing 5 mg/ml of Dextran T40, whereas the points obtained for negative values of A were obtained using buffer A and 3 M CsCI (density 1· 37 mg/ml). The experimental points provide a reasonable standard curve from which the molecular weight of other macromolecules may be interpolated. 
Behaviour of Phosphatidylcholine Vesicles in the Analytical Ultracentrifuge
Previous studies on the centrifugal behaviour of phospholipid vesicles (Huang and Charlton 1971; Brunner et al. 1976 ) have relied on the use of sedimentation velocity and diffusion measurements in the determination of the molecular size of the vesicles. Since it was intended to examine sedimentation equilibrium behaviour of the vesicles in the Airfuge it was considered desirable to first examine the sedimentation equilibrium behaviour of the vesicles in the analytical ultracentrifuge. This procedure allows the concentration distribution of the vesicles to be determined directly. The results are presented in Fig. 4 in the form of a plot of the natural logarithm of the concentration (in fringes) versus the square of the radial position. The line drawn through the data yields a value of 1· 92 x 10 6 for the molecular weight of the vesicles based on a value of 0·9885 mllg for the effective specific volume (Huang and Charlton 1971) . The slight curvature of the experimental results suggests that the vesicles are only slightly heterogeneous, values of 1 . 77 X 10 6 and 2 ·12 x 10 6 being obtained for the molecular weight of the vesicles using data obtained near the meniscus and base of the cell respectively. 
Determination of the Effective Specific Volume of Phosphatidylcholine Vesicles
The results of sedimentation studies in the Airfuge of phosphatidylcholine vesicles suspended in NaCI solutions of various density (p) as the density at which zero sedimentation occurs. The effective specific volume may be calculated from the reciprocal of this value as 0·9885 ml/ g. This value agrees well with values obtained by other methods. For instance, a value of 0·9886 ml/g was obtained using sedimentation velocity (Huang and Charlton 1971 ) and a value of 0·9885 ml/g was obtained using the magnetic densitometer (Huang 1969) . The other point of interest in relation to Fig. 5 is that at low concentrations of NaCl the values obtained for F were somewhat variable (as indicated by the error bars) suggesting that at these low densities there was some stirring during braking of the rotor. Thus while the points serve as a useful guide for the extrapolation of data obtained at higher solution densities they nevertheless are not reliable for the determination of the molecular weight of the vesicles. For this reason vesicles were also prepared in the presence of 2 mg/ml of Dextran TlO, a reagent which has previously been shown to provide density stabilization during braking (Bothwell et al. 1978) . In this case reproducible results were obtained even at low ionic strength and a value of 0·9925 ml/g was obtained for the effective specific volume of the vesicles under these conditions.
Determination of the Molecular Weight of Phosphatidylcholine Vesicles
The data obtained at higher densities in Fig. 5 were used to determine the molecular weight of the vesicles according to the following procedure. The measured value of Fwas used to determine A from the standard curve (Fig. 3) . Equation (lb) was then used to determine the value of the mean molecular weight of the vesicles using the value of the partial specific volume assigned above (0·9885 ml/g). The values obtained were 1·94 x 10 6 (at 0·4 M NaCl) and 2·13 x 10 6 (at O· 5 M NaCI). These values may be compared to values of 1 ·94 X 10 6 and 2·2 X 10 6 which have been obtained by other methods (Huang and Charlton 1971; Brunner et al. 1976) .
As mentioned above the data obtained at the lower concentrations were less reliable for the determination of the molecular weight of the vesicles. On the other hand it is considered desirable to use the linear region of the standard curve (Fig. 3) since this is not only more accurate but it also avoids possible complications due to the use of standard proteins in CsCI solutions. For this reason experiments were also performed at low ionic strength in which low concentrations of Dextran TIO (2 mg/ml) were included in order to stabilize the gradients formed during centrifugation and prevent stirring during braking of the rotor. The results are summarized in Table 1 . The values obtained for the molecular weight of the vesicles were 2·3 X 10 6 (at 0·1 M NaCl), 1·7x10 6 (0·15M NaCl) and 2·2xl0 6 (0·2M NaCI). These results are in good agreement with the values obtained using the analytical centrifuge (Fig. 3) and values obtained by other methods (Huang and Charlton 1971; Brunner et al. 1976) .
Discussion
In order to consider the theoretical behaviour of a polydisperse solute in the Airfuge it is necessary to assume a reasonable form for the molecular weight distribution. The distribution chosen in this study is a Gaussian distribution which is symmetrical (on a weight/volume scale) about a weight-average molecular weight. Such solutes are not uncommon in biological systems since fractionation by gel filtration of polydisperse solutes such as nucleic acids, polysaccharides and lipopro-teins yields individual column fractions which are approximately Gaussian with respect to their molecular weight. The results in Fig. 2 show that the determination of the molecular weight of such solutes using the Airfuge depends on the standard deviation of the molecular weight distribution. For small standard deviations (piA < 0'3) the determination of the weight-averag e molecular weight of the solute is not unduly affected by the polydispersity . The: interpolation of the molecular weight of such solutes can be achieved using a standard curve constructed from data obtained for well-defined homogeneous macromolecul es. The theoretical curves in Fig. 2 show that the determination of the partial specific volume of macromolecul es is not sensitive to the polydispersity of molecular weight since it involves interpolation of data to zero values of the reduced molecular weight. Presumably the determination of the effective specific volume would be sensitive to heterogeneity of the partial specific volume of the solute although this possibility was not explicitly considered in the theory section. The method used for the determination of the effective specific volume of phosphatidylc holine vesicles is similar in principle to methods which have been developed for the analytical ultracentrifuge (Huang and Charlton 1971; Edelstein and Schachman 1967) . The method relies on the fact that the reduced molecular weight of a macromolecul e contains a buoyant density term (l-vp) which becomes zero when the density of the macromolecule is equal to the density of the solution. The reciprocal of this value gives the effective specific volume of the solute, which for a two-compone nt system may be taken as the true partial specific volume whereas for a three-compon ent system these quantities are related by a term which describes the preferential interaction of the solute with the solvent components (Huang and Charlton 1971) . In the case of phosphatidylc holine vesicles measurement of the effective specific volume of the vesicles in NaCI solutions and in D20-H2 0 solutions has allowed an estimate to be made of the degree of preferential interaction of the vesicles with the NaCI-H20 solvent molecules (Huang and Charlton 1971) .
For the determination of the molecular weight of phosphatidylc holine vesicles, use was made of previous observations (Huang 1969) which have shown that these vesicles are relatively homogeneous with respect to molecular weight. For instance, the value of the standard deviation of the sedimentation coefficient of such vesicles is 0'5x 10-14 S-1 which corresponds to a value of p/Aof approximately 0·025. The data presented in Figs 3 and 5 indicate that the results obtained for the molecular weight of these vesicles using the Airfuge agree well with results obtained using the analytical ultracentrifuge (Fig. 4) and with the results of previous workers (Huang and Charlton 1971; Brunner et al. 1976) . It is of interest therefore to consider the advantages of the use of the Airfuge. The first advantage is that the data used to determine the partial specific volume can be used directly to determine the molecular weight of the macromolecul e. Since the systems being studied are at equilibrium the molecular weight obtained is independent of the shape of the macromolecul e being studied. The second advantage is that the Airfuge is not limited to systems which can be observed optically. Thus the amount of solute remaining in the supernatant can be analysed using a wide range of techniques which make use of properties such as fluorescence, radioactivity and enzymic activity. It is anticipated therefore that measurements of the partial specific volume and the molecular weights of polydisperse solutes could be performed using only partially purified samples and the study of such systems could ultimately be used to provide information on the interaction of biological macromolecul es.
